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Lithium— sulphur  batteries  are  among  the  most  promising  systems  for  the  next  generation  of 
rechargeable  lithium  batteries.  Whereas  a  wide  range  of  factors  contribute  to  the  overall  performance  of 
the  Li— S  system,  reported  optimization  procedures  typically  focus  on  the  development  of  novel  struc¬ 
tured  cathodes.  Here,  the  importance  of  often-neglected  experimental  parameters  contributing  to  the 
performance  of  Li-S  systems  is  demonstrated.  Specifically,  the  effects  of  varying  the  amount  of  elec¬ 
trolyte,  the  salt  concentration  and  the  type  of  electrolyte  additive  are  presented  and  factors  that  improve 
cycling  stability  are  discussed.  Some  of  the  parameters,  such  as  sulphur-particle  size  and  the  type  of 
conductive  additive  used  in  the  electrodes,  affected  the  cell’s  performance  less  than  might  be  expected. 
Long-term  cycling  (up  to  500  cycles)  with  a  low  amount  of  electrolyte  is  demonstrated.  Our  results 
suggest  that  parameters  related  to  the  electrolyte  are  more  important  for  improving  the  overall  per¬ 
formance  than  those  concerning  the  electrode  structure. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  current  interest  in  lithium— sulphur  batteries  is  based  on 
sulphur’s  high  theoretical  specific  charge  of  ~1672  mA  h  g-1  [1]. 
Commercialization  of  Li— S  batteries  is  hindered  by  several  still 
unresolved  challenges.  Some  of  them  are  inherent  to  sulphur,  in 
particular  to  its  insulating  nature.  This  means  that  the  rate  capa¬ 
bility  is  low  and  that  the  active  material  is  isolated.  Therefore, 
substantial  amounts  of  conductive  additives  are  needed  in  order  to 
ensure  sufficient  electronic  contact,  which  in  turn  enables  the  full 
utilization  of  the  active  material.  Other  well-known  and  unwel¬ 
come  processes  include  the  so-called  polysulphide  shuttle,  which 
leads  to  the  accumulation  of  insulating  deposits  and  thus  to  irre¬ 
versible  charge  losses.  The  typical  discharge  profile  in  Li-S  battery 
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features  two  plateaus,  an  upper  one  at  about  2.4  V,  where  sulphur  is 
reduced  to  long-chain  polysulphides,  and  a  lower  one  at  about 
2.1  V,  where  long-chain  polysulphides  are  reduced  first  to  short- 
chain  polysulphides  and  then  to  lithium  sulphide.  The  poly¬ 
sulphide  shuttle  is  caused  by  the  high  solubility  of  long-chain 
polysulphides  and  the  fast  kinetics  at  the  upper  discharge 
plateau,  resulting  in  the  loss  of  active  material,  its  low  utilization 
and  thus  in  a  capacity  decay  during  cycling  1,2].  The  slower  ki¬ 
netics  of  the  lower  discharge  plateau  and  the  low  solubility  of 
short-chain  polysulphides  causes  deposition  of  an  insulating  layer 
on  any  accessible  surface  -  cathode,  anode,  separator,  etc.  -  which 
clogs  the  cathode  structure,  resulting  again  in  a  poor  utilization  of 
active  material  and  in  capacity  decay  [2]. 

Many  efforts  have  been  directed  towards  mitigating  the  diffi¬ 
culties  that  hinder  the  development  of  Li-S  system,  but  they  often 
offer  only  partial  solutions.  Most  of  the  reported  studies  focus  on 
finding  new  structured  cathodes,  especially  conductive  carbon- 
based  hosts  for  sulphur.  Far  fewer  works  are  found  in  the 
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Fig.  1.  Cycling  performance  of  electrodes  using  PEO  (a)  and  Kynar  (b)  as  binders,  with  different  amounts  of  electrolyte  containing  1  M  LiTFSI. 


literature  that  report  studies  of  the  effects  that  different  electrolyte 
modifications  and  other  experimental  parameters  have.  Many  im¬ 
provements  have  been  made  in  the  area  of  sulphur-host  develop¬ 
ment,  addressing  the  polysulphide  shuttle  and  the  containment  of 
highly  mobile  long-chain  polysulphides  within  carbonaceous  or 
other  structures  [1,3-7].  Often,  but  not  always,  coating  with  poly¬ 
mer  or  inorganic  materials  brings  improved  results.  But  whereas 
such  developments  led  to  the  construction  of  Li-S  batteries  with 
high  specific  charge  and  good  cycling  stability  [8-10],  many  of 
these  sophisticated  structures  do  not  offer  better  specific-charge 
values  than  electrodes  based  on  simple  carbon  black.  To  the  con¬ 
trary,  many  advanced  architectures  suffer  from  a  diminished  spe¬ 
cific  charge,  and  demand  complicated  and  expensive  sets  of 
procedures  and  the  utilization  of  expensive  and  difficult-to-upscale 
materials,  such  as  graphene  or  hierarchically  ordered  porous  car¬ 
bons  [4,6,11-13]. 

Our  approach  is  to  study  and  optimize  simple  composites  made 
of  commercially  available  sulphur  and  carbon  black.  By  tuning 
experimental  parameters  -  such  as  the  type  of  binder  material  [14], 
electrode  conductive  additives  and  electrolyte  additives,  as  well  as 
the  amount  of  electrolyte  -  we  can  learn  a  lot  about  the  behaviour 
of  the  Li— S  system  and  improve  its  performance.  This  knowledge 
may  in  turn  be  used  to  achieve  even  better  results  using  advanced 
structured-carbon  hosts  for  sulphur.  In  the  present  work,  we  ach¬ 
ieved  cycling  stabilities  and  specific-charge  values  equal  or  better 
than  those  reported  for  many  complicated  structured  carbonaceous 
sulphur  hosts  [4,6,12],  merely  by  optimizing  a  system  with  elec¬ 
trodes  based  on  carbon  black  and  made  of  simple,  cheap  and 
commercially  available  materials. 

The  goal  of  this  study  is  to  demonstrate  the  importance  of 
experimental  parameters,  some  of  which  are  often  not  even  spec¬ 
ified  in  the  experimental  sections  of  published  works,  to  under¬ 
stand  their  effect  and  thus  to  improve  the  performance  of  Li-S 
batteries. 

Two  types  of  experimental  parameters  were  tested  and  their 
importance  evaluated:  those  related  to  the  electrolyte  and  those 
related  to  the  composite  electrode. 


2.  Experimental 

Standard  Li-S  composite  electrodes  were  prepared  mixing  60% 
of  sulphur  (Alfa  Aesar)  and  30%  of  carbon  black  (Super  P,  Timcal, 
Switzerland),  and  using  10%  of  PEO  (polyethylene  oxide, 
MW  =  4,000,000  g  mol-1,  Sigma-Aldrich,  Germany)  as  the  binder 
prepared  by  dissolution  in  acetonitrile.  For  comparison,  PEO  was 
replaced  in  one  series  of  tests  by  Kynar  Flex  2801  (Solvay,  Belgium) 
dissolved  in  acetone.  For  testing  the  effect  of  conductive  additives 
in  the  electrode,  part  of  the  Super-P  carbon  was  replaced  by 


graphitized  carbon  nanofibres  (GCNF,  Nanoamor,  USA).  To  test  the 
influence  of  different  sulphur  types,  electrodes  were  prepared  with 
sublimed  S  (STREM  Chemicals,  USA),  refined  S  (Acros  Organics, 
Belgium)  and  precipitated  S  (STREM  Chemicals,  USA),  keeping  the 
same  component  ratios.  Slurries  were  mixed  by  turbostrirring,  and 
then  doctor-bladed  onto  carbon-pre-coated  aluminium  foil.  After  at 
least  24  h  of  drying  in  air  at  room  temperature,  electrode  discs  of 
13-mm  diameter  were  punched  out  and  inserted  into  a  glove  box 
for  assembly.  Li-S  cells  were  assembled  in  Ar  atmosphere  into 
coin-type  cells  by  placing  a  17-mm  diameter  Celgard  2400  (Celgard, 
USA)  separator  onto  the  composite  electrode,  introducing  between 
30  and  100  pi  of  electrolyte,  which  was  either  1  M,  2  M  or  4  M  LiTFSI 
(lithium  bis(trifluoromethane  sulphone)imide)  in  DME  (dime- 
thoxyethane):Diox  (1,3-dioxolane)  in  a  ratio  2:1,  or  1  M  LiTFSI  in 
DME:Diox  (2:1)  with  0.5  M  LiN03  (Fluka,  Germany)  additive.  Elec¬ 
trolytes  with  different  concentrations  of  salts  were  prepared  based 
on  1  M  LiTFSI  electrolyte  (Novolyte,  USA)  by  adding  appropriate 
amount  of  LiTFSI  (TCI,  Japan)  or  LiN03  when  electrolyte  with  ad¬ 
ditive  was  prepared.  Typical  loading  of  S  was  ~  1.5-2  mg  cm-2, 
depending  on  binder  and  electrode-conductive-additives  used; 
thickness  of  electrodes  was  ~  0.080  mm,  with  exception  of  elec¬ 
trodes  with  sublimed  sulphur,  which  due  to  large  particle  size  was 
-0.150  mm. 

Cells  with  lithium  (0.75  mm  thick,  Alfa  Aesar,  USA)  counter 
electrode  were  galvanostatically  tested  between  1.8  and  2.7  V,  at 
different  C-rates  (C/5  or  C/10)  and  for  at  least  100  cycles  (the  C-rate 
is  defined  as  I  =  1672  mA  g-1  of  S)  using  Astrol  (Switzerland) 
battery  cycler.  Specific  charges  are  calculated  per  mass  of  sulphur; 
and  only  the  values  of  specific  charge  obtained  during  discharge 
process  are  reported  here.  For  each  specific  set  of  experimental 


'cd 

_c 

< 

E 


CD 

O) 

j_ 

03 

_C 

o 

o 

i+- 

o 

CD 

Q_ 

CO 


1600 
1400 
1200 
1000 
800 
600 
400 
200 
0 

0  10  20  30  40  50  60  70  80  90  100 

Cycle  number 


— ' - 1 - T  | - I - 1  I - 1 - 1  , - . - 1 - T - 1 - I - 1 - . - 1 - T - 


"""""Illllim 


lilu 


30  ■  Discharge  ☆  Efficiency 

50  xl  A  Discharge  *  Efficiency 


90  ; 

|-  80 
70 
60 
50 
40 
30 
20 
10 
n 


> 

o 

c 

o 

'o 

3= 

CD 

O 

2d 

E 

o 

Z3 

O 

O 


Fig.  2.  Cycling  performance  of  electrodes  using  a  PEO-Kynar  blend  as  a  binder,  tested 
with  different  amounts  of  electrolyte  containing  1  M  LiTFSI. 
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Fig.  3.  Cycling  performance  of  electrodes  using  PEO  (a,c)  and  Kynar  (b,d)  as  binders,  with  different  amounts  and  concentrations  of  electrolyte,  2  M  LiTFSI  (a,b)  and  4  M  LiTFSI  (c,d). 


parameters  at  least  two  cells  were  tested  to  confirm  reproducibility 
of  the  obtained  results. 

Morphological  investigations  were  carried  out  using  a  scanning 
electron  microscope  (SEM)  Ultra  55,  Zeiss  (Germany)  operated  at 
5  kV  accelerating  voltage.  For  analysis,  electrode  coatings  sup¬ 
ported  on  carbon-coated  aluminium  foil  were  placed  on  SEM  stubs 
onto  adhesive  conductive  carbon  tape. 

3.  Results  and  discussion 

First,  we  report  results  mainly  concerning  parameters  related  to 
the  electrolyte  —  its  amount,  salt  concentration  and  presence  of 
electrolyte  additive.  However,  the  effect  of  binder  type,  sulphur 
type  and  the  presence  of  conductive  electrode  additive  were  also 
investigated  in  parallel  and  are  reported  in  the  second  part  of  this 
section. 

A  number  of  cells  were  prepared  with  different  amounts  of 
electrolyte,  ranging  from  30  to  100  pi.  In  the  same  series  of  ex¬ 
periments,  standard  electrodes  containing  PEO  as  the  binder  and 
additional  electrodes  with  Kynar  instead  of  PEO  were  cycled  in 
order  to  check  the  effect  of  the  binder  type  and  to  see  whether 
there  are  any  synergetic  effects.  The  electrodes  with  both  types  of 
binder  had  the  highest  practical  specific  charge  when  only  30  pi  of 
electrolyte  was  used,  and  they  retained  a  specific  charge  of 
~700  mA  h  g-1  after  100  cycles  (see  Fig.  1). 

The  PEO  binder  was  superior  relative  to  Kynar  when  the  amount 
of  electrolyte  was  increased  to  50  pi;  after  100  cycles,  the  specific 
charge  value  was  at  600  mA  h  g_1  for  the  PEO-based  electrode, 
while  in  case  of  Kynar  it  was  only  at  400  mA  h  g-1.  With  a  high 
electrolyte  amount,  100  pi,  both  types  of  electrodes  showed  poor 
performance  and  after  100  cycles  the  specific  charge  dropped  to 


300-200  mA  h  g-1.  Also  in  this  case,  electrodes  containing  PEO 
binder  exhibited  slower  fading  and  the  remaining  capacity  after 
100  cycles  was  slightly  higher.  Due  to  the  poor  performance  of  cells 
with  100  pi  of  electrolyte,  all  further  experiments  were  carried  out 
with  only  the  smaller  amounts  of  electrolyte,  namely  30  and  50  pi. 

Furthermore,  polymer  blends  with  both  PEO  and  Kynar  (mixed 
at  a  weight  ratio  of  1 :1)  were  tested.  Fig.  2  shows  that  in  this  sys¬ 
tem,  there  is  no  significant  difference  in  practical  specific  charge 
when  comparing  the  two  amounts  of  electrolyte.  In  the  case  of  50  pi 
of  electrolyte,  the  specific  charge  is  higher  compared  to  using  solely 
Kynar  as  a  binder,  bringing  it  to  the  same  level  as  electrodes  with 
solely  PEO  (see  Fig.  1 ).  However,  a  smaller  amount  of  electrolyte  led 
to  a  slightly  higher  coulombic  efficiency.  Based  on  these  results,  it  is 
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Fig.  4.  Galvanostatic  cycling  of  S-C(Super  P)-PEO  composite  electrodes  with  different 
LiTFSI-salt  concentrations  and  electrolyte  amount  of  50  pi. 
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Fig.  5.  SEM  micrographs  of  sulphur-carbon  composites  with  sublimed  S  (a),  refined  S  (b)  and  precipitated  S  (c). 


not  possible  to  conclude  which  binder  —  PEO  or  Kynar  —  is  better 
for  Li-S  batteries;  it  strongly  depends  on  the  amount  of  electrolyte 
used. 

The  effect  of  the  salt  concentration  was  investigated  by  pre¬ 
paring  electrolytes  with  3  different  salt  concentrations  (1  M,2M 
and  4  M  LiTFSI  in  DME:Diox),  which  were  tested  by  cycling  standard 
electrodes  at  C/10.  With  an  increase  of  salt  concentration  in  the 
electrolyte,  its  viscosity  increases  and  the  ability  to  dissolve  salt 
decreases.  Therefore  it  is  expected  that  for  lithium  polysulphides  it 
becomes  more  difficult  to  be  dissolved  in  highly  concentrated 
electrolytes;  moreover,  due  to  higher  electrolyte  viscosity,  the 
mobility  of  (especially  long-chain)  polysulphides  is  expected  to  be 
reduced. 

In  Fig.  3,  a  comparison  between  electrodes  prepared  with  PEO 
and  Kynar  binders  is  presented,  where  the  salt  concentration  and 
the  amount  of  electrolyte  was  varied.  When  the  PEO-based  elec¬ 
trode  is  cycled  with  2  M  electrolyte,  the  practical  specific  charge 
does  not  strongly  depend  on  the  amount  of  electrolyte  (see  Fig.  3a). 
However,  when  the  electrolyte  concentration  is  increased  to  4  M, 
the  PEO-based  electrode  stops  working  with  only  30  pi  of  electro¬ 
lyte  (Fig.  3c);  also,  the  specific  charge  of  the  cell  with  50  pi  of 
electrolyte  is  decreased.  At  the  same  time,  when  cycling  the  Kynar- 
based  electrode  with  2  M  electrolyte,  a  clear  dependence  on  the 
amount  of  electrolyte  is  seen,  and  the  specific  charge  is  much  lower 


when  50  pi  of  electrolyte  are  introduced  into  the  cell  (Fig.  3b). 
When  increasing  the  electrolyte  concentration  to  4  M  in  combi¬ 
nation  with  the  Kynar-based  electrode,  we  see  that  the  difference  in 
specific  charge  attributed  to  different  amount  of  electrolyte  is  much 
smaller,  even  if  the  specific  charge  itself  is  lower.  It  is  therefore, 
again,  difficult  to  say  whether  Kynar  or  PEO  is  the  better  binder,  as 
Kynar  works  at  higher  electrolyte  concentrations  with  lower  elec¬ 
trolyte  amount  better  than  PEO,  whereas  PEO  works  better  at  lower 
electrolyte  concentrations  and  with  higher  amounts  of  electrolyte, 
see  Fig.  3.  This  behaviour  can  be  explained  by  the  ability  of  the 
various  solvents  [15],  including  electrolyte  to  swell  PEO,  thus 
contributing  to  a  higher  viscosity  of  the  electrolyte  at  high  salt 
concentrations  and  the  low  amounts  of  electrolyte  in  the  cell.  This 
can  be  the  reason,  why  Kynar,  which  is  not  swelled  by  electrolyte 
and  does  not  contribute  to  the  electrolyte’s  viscosity,  is  working 
better  as  a  binder  in  already  viscous  electrolyte. 

Comparing  the  cells  tested  with  all  three  salt  concentrations  at 
the  same  amount  of  electrolyte  (50  pi),  it  can  be  clearly  seen  that 
both  1  M  and  2  M  concentrations  result  in  the  same  specific  charge 
(Fig.  4).  However,  the  coulombic  efficiency  is  much  lower  using  1  M 
electrolyte.  With  concentration  of  4  M  LiTFSI,  the  coulombic  effi¬ 
ciency  is  close  to  100%,  but  the  specific  charge  is  lower  compared  to 
when  lower  concentrations  of  electrolyte  are  used,  and  it  suffers 
from  substantial  fading.  Furthermore,  the  coulombic  efficiency  is 
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Fig.  6.  Galvanostatic  cycling  of  S-C(Super  P)  composite  electrodes  containing  different  types  of  sulphur  at  a  rate  of  C/5  with  30  pi  of  electrolyte  without  additive  (a)  or  with  0.5  M 
LiN03  (b). 
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Fig.  7.  SEM  micrograph  showing  the  morphology  of  a  sulphur-carbon  composite 
electrode,  where  part  of  Super  P  carbon  is  replaced  by  GCNF. 


consistently  higher  for  higher  concentrations  of  the  salt  in  the 
electrolyte.  This  behaviour  can  be  attributed  to  the  improved 
lithium-ion  availability  at  higher  salt  concentrations,  but  also  to  the 
lower  solubility  of  polysulphides  in  highly  concentrated  salt  envi¬ 
ronments  and  to  the  higher  viscosity  of  electrolyte.  The  observed 
decrease  in  specific  charge  with  increased  LiTFSI  concentration  is  in 
contradiction  to  a  recent  study  by  Shin  et  al.  [16],  which  most 
probably  can  be  explained  by  differences  in  the  preparation  of  the 
carbon— sulphur  composite  electrode  (such  as  in  the  type  of  binder) 
or  in  the  amount  of  electrolyte  used,  which  is  not  indicated  in  their 
work.  This  discrepancy  underlines  the  importance  of  reporting  all 
experimental  parameters,  in  order  to  enable  comparison  and  un¬ 
derstanding  of  the  results. 

Further,  we  explored  electrode  parameters,  such  as  the  sulphur 
type  and  the  particle  size,  which  have  been  described  to  have  an 
influence  on  the  performance  of  the  Li— S  system  [3].  Moreover,  we 
tested  the  addition  of  graphitized  carbon  nanofibres  (GCNF)  for 
improving  the  electrode’s  electronic  and  thermal  conductivity. 

Three  different  types  of  sulphur  with  different  particle  size  were 
investigated:  sublimed,  refined  and  precipitated.  In  Fig.  5,  one  can 
see  SEM  micrographs  showing  morphologies  of  electrodes  made 
using  these  three  different  sulphurs.  It  is  obvious  that  sublimed 


sulphur  contains  the  largest  sulphur  particles,  while  refined  and 
precipitated  sulphur  particles  appear  to  be  of  similar  size  (but  with 
slightly  larger  particles  in  precipitated  sulphur).  Flowever,  the 
precipitated-sulphur  particles  visible  in  Fig.  5  are  agglomerates  and 
the  primary  particles  of  refined  sulphur  are  actually  larger. 

In  Fig.  6,  the  electrochemical  performance  of  all  three  types  of 
sulphur  is  presented.  Despite  the  large  differences  in  sulphur- 
particle  size,  one  can  see  that  the  performance  of  all  three  elec¬ 
trodes  is  surprisingly  similar.  Precipitated  sulphur  seems  to 
perform  slightly  better  in  cells  without  additive,  however  not 
significantly  enough  to  allow  drawing  a  definite  conclusion.  At  the 
same  time,  when  LiN03  is  present  in  the  electrolyte,  after  100  cycles 
the  best  performing  electrode  seems  to  be  the  one  with  sublimed 
sulphur  (with  the  largest  S  particle  size);  but  again  the  effect  is  not 
significant  enough  to  allow  conclusively  distinguishing  its  perfor¬ 
mance  from  others.  The  reason  why  the  type  and  the  particle  size  of 
the  sulphur  have  no  clear  effect  on  the  performance  of  the  Li— S 
cells  might  be  the  working  mechanism  of  Li-S  batteries:  upon 
lithiation  solid  sulphur  is  converted  into  the  soluble  polysulphides 
and  a  cycling  rate  of  C/5  seems  to  be  slow  enough  to  allow  even  big 
particles  to  react.  The  carbon  distribution  in  the  electrodes  after 
cycling  would  be  different  at  macroscopic  level,  but  there  would  be 
no  changes  on  the  microscopic  level— therefore  electrodes  from 
different  sulphur  sources  with  different  particle  sizes  perform 
similarly.  A  definite  beneficial  effect  of  LiN03  is  that  the  coulombic 
efficiency  is  virtually  100%,  while  the  practical  specific  charge  after 
100  cycles  is  at  the  same  level  of  700  mA  h  g-1  as  in  the  case  of 
electrolyte  without  additive. 

In  the  next  step,  we  have  investigated  the  effect  of  a  conductive 
additive  different  from  Super  P  to  the  electrode;  namely,  we 
introduced  graphitized  carbon  nanofibres  (GCNFs),  as  they  have 
shown  good  performance  with  other  poorly  conductive  active 
materials,  such  as  Si  [17].  Sulphur-carbon  composite  electrodes 
containing  GCNF  have  a  completely  different  morphology  than 
standard  S-C  electrodes,  where  the  carbon  component  is  only 
Super  P  (see  Fig.  5).  The  whole  electrode  is  permeated  by  GCNFs 
and  has  a  more  porous  open  structure  (Fig.  7). 

When  GCNFs  are  added  to  the  electrode  formulations,  replacing 
part  of  the  Super  P  conductive  additive  (1/3  of  Super  P  is  replaced 
by  GCNFs),  better  cycling  stability  can  be  observed  (see  Fig.  8). 
However,  while  the  specific  charge  was  more  stable,  it  was  lower 
than  in  composite  S-C  electrodes  without  GCNFs.  The  effect  of  the 
electrolyte  amount  is  strongly  pronounced  in  the  system  with  the 
GCNF-containing  electrode,  as  seen  above  also  for  electrodes 
without  GCNF,  especially  when  no  additive  is  present  in  electrolyte 
(Fig.  1  and  Fig.  8a).  When  LiN03  is  added  to  the  electrolyte,  the 
specific  charge  values  for  both  amounts  of  electrolyte  are  the  same 


a)  no  electrolyte  additive 


b)  with  0.5  M  UNO-, 


Cycle  number  Cycle  number 


Fig.  8.  Galvanostatic  cycling  of  S— Super  P/GCNF-PEO  composite  electrodes  at  C/5  rate  with  different  amounts  of  electrolyte  with  no  electrolyte  additive  (a)  or  with  0.5  M  LiN03  (b). 
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Fig.  9.  Long-term  cycling  (500  cycles)  using  a  standard  S-C  composite  electrode  (with 
0.5  M  LiN03  added  to  the  electrolyte),  cycled  at  a  C/10  rate. 


at  the  beginning  of  the  cycling,  but  after  30-40  cycles;  fading  effect 
becomes  more  pronounced  when  cycling  with  the  higher  amount 
of  electrolyte  (Fig.  8b). 

When  testing  different  types  of  sulphur  and  GCNF  as  electrode 
conductive  additive,  LiN03  has  been  introduced  as  an  electrolyte 
additive,  but  no  enhanced  performance  in  the  form  of  higher  spe¬ 
cific  charge  was  seen  (see  Figs.  6  and  8),  despite  positive  effects 
reported  in  literature  [18].  This  may  be  due  to  the  fact  that  LiN03 
concentrations  and  amounts  of  electrolyte  are  different  than  re¬ 
ported  in  Ref.  [18].  There  are  thorough  and  detailed  studies  on  the 
effects  of  LiN03  presence  in  electrolyte  [18,19],  which  conclude  that 
it  passivates  the  surface  of  metallic  Li  by  creating  a  film  and  that  the 
reaction  after  initial  passivation  is  slow  [19].  The  LiN03  can  have 
also  a  detrimental  effect  on  the  performance  of  the  Li-S  battery— it 
can  be  reduced  irreversibly  on  the  cathode  side  and  grow  endlessly 
on  the  anode  side,  consuming  LiN03,  according  to  the  work  of  S.  S. 
Zhang  [20]  (which  contradicts  work  reported  in  ref.  19).  However, 
the  former  process  happens  only  at  potentials  below  1.6  V,  which  in 
turn  does  not  explain  the  lower  specific  charges  obtained  in  this 
work,  where  the  cycling  window  is  1.8-2. 7  V. 

Most  importantly,  the  usage  of  LiN03  as  an  electrolyte  additive 
makes  coulombic  efficiency  always  increase,  and  at  higher  con¬ 
centrations  up  to  virtually  100%,  independently  of  the  value  of  the 
specific  charge  delivered  by  the  composite  electrode.  Therefore,  we 
conclude  that  addition  of  LiN03  should  be  avoided  in  situations 
where  a  positive  effect  of  composite  or  carbon  matrices  needs  to  be 
established,  as  achieved  high  coulombic  efficiency  while  using 
LiN03  does  not  necessary  imply  a  better  containment  of  sulphur 
species  due  to  specific  structure  of  carbon  hosts  for  sulphur. 

Long-term  cycling  is  rarely  shown  in  the  literature  dealing  with 
Li-S  batteries,  and  often  it  is  considered  to  be  impossible,  espe¬ 
cially  with  low  amounts  of  electrolyte.  It  has  been  reported  that  the 
electrolyte  is  used  up  during  cycling  because  of  the  increasing 
roughness  of  the  lithium  surface  [2],  necessitating  an  excess  of 
electrolyte.  Here  we  demonstrate  500  cycles  at  a  slow  C/10  rate  and 
little  electrolyte,  30  and  50  pi  (Fig.  9).  The  specific  charge  fades 
greatly  over  500  cycles  and  just  after  100  cycles,  the  specific  charge 
of  the  cell  containing  less  electrolyte  becomes  lower  than  that  with 
higher  amount  of  electrolyte.  Therefore  effect  of  some  parameters, 
when  displaying  and  comparing  only  100  or  less  cycles,  can  be 
misleading.  Nonetheless,  it  has  not  been  demonstrated  before  that 
long-term  cycling  of  Li— S  cells  based  only  on  physical  mixture  of 
commercially  available  S  and  C  is  possible,  but  been  shown  only 
recently  for  a  special  sulphur-Ti02  yolk— shell  nanoarchitecture 


[21],  which  had  fairly  stable  specific  charge  for  1000  cycles  with 
remaining  specific  charge  of  ~700  mA  h  g-1.  The  only  other 
example  is  reported  by  L.  Xiao  et  al.  [22  on  SPANI-NT/S  (sulphur- 
polyaniline-nanotubes/sulphur)composite  electrode,  where  after 
500  cycles  at  1C  remaining  specific  charge  was  400  mA  h  g-1,  same 
as  our  composites  based  on  premixing  commercially  available 
cheap  materials  cycled  at  C/10  after  the  same  amount  of  cycles. 


4.  Conclusions 

In  this  study  we  have  identified  a  number  of  experimental  pa¬ 
rameters  that  strongly  influence  the  performance  of  Li-S  test  bat¬ 
teries.  We  urge  that  these  parameters  are  routinely  disclosed  in  the 
scientific  literature  when  reporting  results  on  the  Li-S  system,  to 
enable  comparison  and  reproduction.  The  amount  of  electrolyte, 
the  presence  of  electrolyte  additives  and  the  salt  concentration  are 
the  most  crucial  and  influential  factors.  Other  parameters,  which 
are  previously  claimed  to  have  a  high  impact  on  perform¬ 
ance— among  them  sulphur-particle  size,  binder  type  and  the 
presence  of  conductive  additives  to  the  electrode— did  not  signifi¬ 
cantly  influence  the  performance  results  of  our  Li— S  cells.  In 
summary,  our  findings  suggest  that  parameters  related  to  the 
electrolyte  have  a  more  important  role  than  those  concerning 
electrode  itself. 


Acknowledgements 

Authors  thank  BASF  SE  for  financial  support  within  BASF 
Network  project. 


References 

[1]  X.  Ji,  L.F.  Nazar,  J.  Mater.  Chem.  20  (2010)  9821-9826. 

[2]  Y.V.  Mikhaylik,  I.  Kovalev,  R.  Schock,  K.  Kumaresan,  J.  Xu,  J.  Affinito,  ECS  Trans. 
25  (2010)  23-34. 

[3]  S.  Evers,  L.F.  Nazar,  Acc.  Chem.  Res.  (2012),  http://dx.doi.org/10.1021/ 
ar3001348. 

[4]  Y.  Yang,  G.  Zheng,  Y.  Cui,  Chem.  Soc.  Rev.  (2012),  http://dx.doi.org/10.1039/ 
C2CS35256G. 

[5]  Y.  Yang,  G.  Yu,  J.J.  Cha,  H.  Wu,  M.  Vosgueritchian,  Y.  Yao,  Z.  Bao,  Y.  Cui,  ACS 
Nano  5  (2011)  9187-9193. 

[6]  K.T.  Lee,  R.  Black,  T.  Yim,  X.  Ji,  L.F.  Nazar,  Adv.  Energy  Mater.  2  (2012)  1490- 
1496. 

[7]  R.  Elazari,  G.  Salitra,  A.  Garsuch,  A.  Panchenko,  D.  Aurbach,  Adv.  Mater.  23 
(2011)  5641-5644. 

[8]  C.  Wang,  W.  Wan,  J.-T.  Chen,  H.-H.  Zhou,  X.-X.  Zhang,  L.-X.  Yuan,  Y.-H.  Huang, 
J.  Mater.  Chem.  A  1  (2013)  1716-1723. 

[9]  J.  Schuster,  G.  He,  B.  Mandlmeier,  T.  Yim,  K.T.  Lee,  T.  Bein,  L.F.  Nazar,  Angew. 
Chem.  Int.  Ed.  51  (2012)  3591-3595. 

[10]  X.  Tao,  X.  Chen,  Y.  Xia,  H.  Huang,  Y.  Gan,  R.  Wu,  F.  Chen,  W.  Zhang,  J.  Mater. 
Chem.  A  1  (2013)  3295-3301. 

[11]  S.  Evers,  L.F.  Nazar,  Chem.  Commun.  48  (2012)  1233-1235. 

[12]  H.  Wang,  Y.  Yang,  Y.  Liang,  J.T.  Robinson,  Y.  Li,  A.  Jackson,  Y.  Cui,  H.  Dai,  Nano 
Lett.  11  (2011)  2644-2647. 

[13]  B.  Ding,  C.  Yuan,  L.  Shen,  G.  Xu,  P.  Nie,  X.  Zhang,  Chem.  Eur.  J.  19  (2013)  1013- 
1019. 

[14]  H.  Schneider,  A.  Garsuch,  A.  Panchenko,  O.  Gronwald,  N.  Janssen,  P.  Novak, 
J.  Power  Sources  205  (2012)  420-425. 

[15]  N.B.  Graham,  N.E.  Nwachuku,  D.J.  Walsh,  Polymer  23  (1982)  1345-1349. 

[16]  E.S.  Shin,  K.  Kim,  S.H.  Oh,  W.I.  Cho,  Chem.  Commun.  49  (2013)  2004-2006. 

[17]  J.L.  Gomez-Camer,  J.  Morales,  L.  Sanchez,  J.  Mater.  Chem.  21  (2011)  811-818. 

[18]  D.  Aurbach,  E.  Poliak,  R.  Elazari,  G.  Salitra,  C.S.  Kelley,  J.  Affinito,  J.  Electrochem. 
Soc.  156  (2009)  A694-A702. 

[19]  S.  Xiong,  K.  Xie,  Y.  Diao,  X.  Hong,  Electrochim.  Acta  83  (2012)  78-86. 

[20]  S.S.  Zhang,  Electrochim.  Acta  70  (2012)  344-348. 

[21]  Z.  Wei  Seh,  W.  Li,  J.J.  Cha,  G.  Zheng,  Y.  Yang,  M.T.  McDowell,  P.-C.  Hsu,  Y.  Cui, 
Nat.  Commun.  4  (2013)  1331. 

[22]  L.  Xiao,  Y.  Cao,  J.  Xiao,  B.  Schwenzer,  M.H.  Engelhard,  L.V.  Saraf,  Z.  Nie, 
G.J.  Exarhos,  J.  Liu,  Adv.  Mater.  24  (2012)  1176-1181. 


